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Vacuolar-type ATPase in the Accessory Boring Organ
of Nucella lamellosa (Gmelin) (Mollusca: Gastropoda):

Role in Shell Penetration

ERIC S. CLELLAND AND A. S. M. SALEUDDIN*

Dt/nntnitiit t nn>l,i^\. York I 'ni\Tr\ii\. Tuniutn. Ontario. Canada A /.>'./ IP3

Abstract. The structure and function of the accessory

boring organ (ABO) of muricid gastropods has been de-

scribed in numerous studies, and the ABOof Nucella la-

mellosa was found to be similar to those of other muricid

species. The active cap region of the ABO is composed of

tall, mitochondria-rich cells with distinct brush borders at

their apicies. surrounding a hemolymph-containing central

sinus. Using antibodies specific for vacuolar-type ATPase

(V-ATPase). enzyme immunoreactivity was found to be

limited to the brush border of the epithelial cells. Electron

immunohistochemistry revealed that V-ATPase immunore-

activity resides in the plasma membranes of the microvilli.

Immunodot blotting using yeast V-ATPase as a positive

control confirmed the specificity of the reactions. SDS-

PACiK of membrane suspensions from the ABO revealed

protein bands of the requisite molecular weight for V-

ATPase subunits. Western blots suggest that antibodies

raised against mammalian V-ATPase subunits recogni/e

subunits of the molluscan V-ATPase. The molecular

is of these identified subunits are similar to those in

mammals. The V-ATPase-specitic inhibitor bafilomycin A,

inhibited ATPase activity in samples of ABOhomogcnalc

by about 10'; relative to control, providing further evidence

for the pn- oi V-ATPase. Specific V-ATPase activity

was about 67 picomoles of inorganic phosphate per micro-

gram of protein per minute in the homogenate. Collectively

this evidcit
;1) suggests that a vacuolar-type proton

transporting A I I'asi- is present in the brush border of the

accessory bom.:- Y/n <//</ lamclloxa, and is respon-

sible for aeidii in from this gland. Similarities

between the A MI i and the mantle of freshwater
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bivalves also suggest that the mechanism for decalcification

of calcareous substrates is conserved.

Introduction

Nucella lamclloMi is a predatory marine snail of the

family Muricidae ( =Muricacea); it is commonly found in

intertidal and subtidal /ones along the Pacific Northwest

coast of North America, ranging from the Aleutian Islands

to Santa Crux. California (Collins et cil.. 1996). Muricid

gastropods such as \\ helks and oyster drills teed on a variety

of invertebrates such as bivalves, barnacles, small crabs,

polychaetes. and occasionally carrion (Eretter and Graham.

1962; Carriker, 1981; West. 1986. 1988). The snails use a

chemomechanical process to bore through hivahe shells

and other calcareous substrates. This process combines the

secretion of acidic solution from the accessory boring organ

(ABO), to soften the shell, with the rasping action of the

radula. to remove the loosened material. Acidity as low as

pH 3.8 ( 4 pH units lower than the surrounding seawater)

has been measured within bore holes created by drilling

muncids (Carriker and Van Xandt. 1967). The ABO of

muricids is located in the anterior region of the sole of the

fool, and is everted by hydrostatic pressure of the hemo-

lymph in actively drilling animals. The ABOconsists of a

cap (about 1 2.5 mmdiameter) and stalk (about 0.4 mmin

length); the cap is composed of a central sinus surrounded

by a single layer of lall (200-300 jam), mitochondria-rich

epithelial cells. These cells also possess prominent apical

brush borders, are separated from the sinus by a thin, often

indistinct basement membrane, and communicate with one

another vin gap junctions. The structure of the muricid ABO
and the mechanism ol shell boring by muricid (and naticid)

gastropods have been reviewed by Carriker ( 1981).

Webb and Saleuddm ( 1977) postulated that acid ATPase
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pumps residing in the apical membranes of the ABOepi-

thelial cells are responsible for acidifying the secretions

from the muricid ABO. Vacuolar-type ATPase (V-ATPase)

proton pumps are now known to be present in all eukaryotie

cells, where they energize endomembranes (Finbow and

Harrison, 1997). V-ATPases have also been detected in the

plasma membrane of specialized cells in many animal epi-

thelial tissues such as frog skin (Ehrenfeld and Klein, 1997),

gills of freshwater fish (Lin el nl,, 1994) and crustaceans

(Onken and Putzenlechner, 1995), and in insect Malpighian

tubules ( Al-Fiti et al.. 1998) and midguts (Schweikel et at..

1989), where they are used to generate transmembrane

potentials that power the transport of other ions (e.g., Na+
,

K+
, CO,"). In osteoclasts (Nordstrom et al.. 1997), kidney

collecting-duct cells (Brown et al.. 1988), urinary bladders

(Lubansky and Arruda, 1985), epididymis (Brown et al..

1997), salivary glands (Just and Walz, 1994), and the mantle

of freshwater bivalves (Hudson, 1993; da Costa et al..

1999), V-ATPases serve to acidify the extracellular envi-

ronment by extruding protons from the cytoplasm of epi-

thelial cells. Comprehensive reviews of V-ATPases are

found in Brown and Breton (1996); Finbow and Harrison

(1997); Harvey et al. (1998); Nelson and Harvey (1999):

Wieczorek et al. (1999). Cells that possess plasma membrane

V-ATPase pumps have common characteristics that closely

resemble those of the epithelial cells of the muricid ABO.

Furthermore, models describing V-ATPase-driven proton

transport in various animal tissues (see Harvey et al., 1998) are

similar to the Webb and Saleuddin (1977) model describing

proton transport in muricid ABOs; however, V-ATPases were

unknown at the time of this earlier publication.

In this study we investigated a muricid ABOto determine

whether V-ATPase pumps are present. Taking advantage of

the conserved structure of V-ATPase molecules (Nelson

and Harvey, 1999) and the cross reactivity (across phyla) of

antibodies raised against V-ATPase subunits (Russell et al..

1992), we probed sections of ABO tissue using primary

antibodies directed against the A (-70 kDa). B (-60 kDa),

and d (~39 kDa) subunits of the V-ATPase enzyme. Irn-

munoblotting studies on extracts of ABOs were also com-

pleted. Additionally, the specific V-ATPase inhibitor bafilo-

mycin A, (Bowman et al.. 1988) was used in assays of

ATPase activity in ABOextracts to reveal the contribution

of V-ATPase to the overall ATPase activity.

Materials and Methods

Animals

Specimens of Nucella lamellosa were obtained from

Westwind Sealab Supplies, Victoria, British Columbia, at

various times throughout the year. The animals were main-

tained in 50-1 aquaria in artificial seawater (ASW; Instant

Ocean from Aquarium Systems, Mentor, Ohio), pH 7.2-

8.0: 950-1000 mmol/kg H,O, at 5C under a 12L:12D

photoperiod. Live blue mussels were provided as the major

food source. Under these conditions, the snails appeared to

thrive, feeding regularly and depositing egg sacs on the

walls of the aquaria.

Experimental animals ranging in length from 2 to 5 cm

were chosen at random and narcotized in ASWdiluted with

an equal volume of 20% MgSO4 7H2O (Pantin. 1964). The

shells were cracked using a bench vise, and the soft body

was removed and rinsed clean of shell fragments. In accor-

dance with the procedure of Carriker et al. (1963), the

animals were cut in two at the base of the visceral hump,

separating the viscera from the pedal mass. The pedal mass

was pinned in a paraffin-based dissecting dish, with the

ventral sole of the foot spread uppermost so as to expose the

crypt of the retracted boring organ. Gentle pressure was

applied to evert the ABO. The ABO, along with a short

portion of the stalk, was excised using iridectomy scissors

and fine forceps.

Accessory boring organs for microscopic examination

were transferred to the appropriate fixative, while those to

be used for biochemical assay, immunoblotting, or gel elec-

trophoresis were transferred to homogenization buffer for

immediate processing or were frozen in liquid nitrogen and

stored at -80C until required.

Chemicals ami Antibodies

Unless otherwise specified, all chemicals were reagent

grade, and were obtained from Sigma-Aldrich Canada Ltd.

Affinity-purified polyclonal antibodies raised against bo-

vine V-ATPase d (39 kDa) and B (-60 kDa) subunits

(raised in rabbit) and monoclonal antibodies raised against

yeast (Sacchanvnvces cerevisiae) V-ATPase B (60 kDa)

and A (70 kDa) subunits were donated by Dr. Sergio

Grinstein and Dr. Morris Manolson of the University of

Toronto. A sample of yeast V-ATPase was also supplied by

Dr. Manolson.

Light microscopy

Accessory boring organs were excised from Nucella and

fixed in Hollande Bouin's fixative for 12-18 h. The tissues

were rinsed in distilled water, dehydrated, and embedded in

paraffin. Serial sections of 8 ;um thickness were deparaf-

finized, rehydrated, and stained in Mallory-Heidenhain for 5

min (Humason, 1967). Sections were viewed using a Leitz

orthoplan microscope, and micrographs were taken using a

Wild-Heerbrugg MPS45/5 IS system.

Light microscope immunocytochemistry

Accessory boring organs were fixed and embedded as

above. Serial sections were mounted on multiwell glass

slides coated with 0.5% chrome alum and 0.5% gelatin.

Sections to be used with alkaline-phosphatase-conjugated

secondary antibodies were treated with 20%> acetic acid for

30 min after rehydration; those probed with HRP (horse-
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radish peroxidasel-conjugated secondary antibodies were

treated with 0.3% H^CK in methanol for 30 min prim to

rehydraiion in graded ethanol. Secondary antiboiK conju-

gates (Sigma) were raised in goat and directed against cither

rabbit or mouse whole IgG. The antibodies were n''iiugated

to either alkaline phosphatase or HRP. Tissues were rinsed

in glass distilled water (ddH : O). followed In two or three

rinses in phosphate buffered saline <I'BS' Nonspecific

binding was blocked by incubation in I'BS containing 5''

normal goat serum (NGSi and 0.291 I riton X-100 (incuba-

tion buffer) for 1 h. Primary antibodies were applied undi-

luted from the stock provided < 20 /<! was sufficient to

cover each section), and sections were incubated for 12-18

h at 4C. Control sections \\eie maintained in incubation

buffer without antibody hollowing incubation, the primary

antibodies were remo\cd w ith several changes of incubation

buffer over a pencil "I >D min. The sections were then

incubated in secondarv antibodv conjugate (diluted 1:50 in

incubation buffer) for 1 h at 22 (_'. then rinsed in I'BS (three

rinses. 5 min eaeln and tinally in ddH 2 O. Peroxidase was

localized using Sigma Fast DABTablets (3.3'-diaminohcn-

zidine tetrah\diochloride/H 2 Gs). then sections were de-

hyrated and mounted as above. Alkaline phosphatase was

localized using Sigma Fast BCIP/NBT tablets (5-bromo-

4-chloro-3-mdol\ l-phosphate/nitro blue lelra/oliumi. The

sections were mounted in aqueous media (5'' pol\ \in\l

alcohol: 30'' glvcerol). viewed, and photographed.

Trtin\mi\\ii>n clccrron inicroM <>j>\

Accessor) boring organs were excised and lived in a

solution of \

r
/c glutaraldehyde-O.r; paraformaldchyle in

tillered ASYV for I h at 22 C. then postlixed lor I h in V.',

aqueous osmium (etroxidc at ('. l
;

ollowing fixation, (he

ABOs were rmseil in distilled water, ilchyilrated in graded

ethanol. and embedded in cpo\\ resin. Thin sections ( SO

nm thick) were cut using a diamond knife, floated onto

l-onmar-coatcd single-slot grids, and stained with urainl

acetate anil lead citrate. Sections were \iewed in a Philips

I M20| transmission electron microscope

/i /"M
')/)< immunocytochemistry

01 MM vere excised from M/< <//</;

rinsed m \SN .md fixed in 2' > paialormaldehyde. 0.075 M
lysine. 0.0 1 \1 sodium IIK-I.I peiiodaic. in 0.037 M phos-

phate hul In ,11 i iPl.P fixative: McClean and Nakane.

I In- tissues were thoroughly rinsed in

dislille.: Irati il ti> 70' '; elhanol. and embedded

in LR-YVh I-', ;ear< h I .ahoialoncsi. I h,

resin was poh i uliia\iolei lu'hi lor ')(> h at

4C. Thin si i
. nbcd. collected on

Forrnvar-coated '

rids and allowed to an-

neal overnight. Tlu I m distilled water

and then in PBS. as loi <
, .md incubated in

5 c
/r NGSin PBS for 1 h to block nonspecific binding sites.

Grids were floated on 25-/J.1 droplets of primary antibody

(anti-d subunit). and incubated in a humid chamber for 12 h

at 22 C. The grids were rinsed three times in buffer (20 min

each rinse) and incubated for 1 h in 10-nm gold-conjugated

secondary antibody (BDH). Unbound secondary antibody

was rinsed away with three changes ( 10 min each) of PBS

and distilled water. The grids were stained with urainl

acetate and viewed as above.

Tissue preparation

Fresh or frozen ABOs < 15 to 20) were homogenized on

ice in 3 to 4 times their volume in buffer containing 20 mM
Tris-HC'l; 250 mMsucrose: 1 mMphenylmethyl sulfonyl

fluoride (PMSF): I mMetlnlcne ghcol bis (/3-aminoethyl

ether) N. N. N'. /V'-tetraacelic acid (EGTAi: I mMdithio-

threitol (DTT): pH 7.4 (Rautiala et nl.. I W) using a mo-

torized Teflon pestle in 1.5 ml polypropylene Eppendorf
tubes. The homogenate was centrifuged at 1000 v at 4 C

for 15 min. The supernatant was collected, and the pellet

was lesuspendcd anil recentrifuged. The resultant superna-

tant was combined with the first and used for ATPase assays

without further purification, because more highly purified

samples showed an apparent loss of activity

For pohacrx lamide gels and immunohlotting. the 1000 X

L; supernatant was subjected to further purification. It was

centrifuged at 15.000 v for 20 min. and the pellet dis-

carded. The supernatant from this step was transferred to

polyillomer centrifuge tubes, diluted with homogenization

buffer to 500 /ul. and cenlrituged for 90 mmat 100.000 X

V using a Beckman Optima L-40K ultracentrifuge and

S\\'(>5 rotor. The resultant supernatant was collected and the

membrane pellet icsuspended in 20-25 /nl double distilled

water (ddll.O). Samples of the 15.000 : K and the

100.000 x
ij supernalants. as well as the membrane suspen-

sion, were frozen in liquid nitrogen and stored at SO C'

until required.

1'iocessed tissues were analyzed for their protein content

using a Bio-Rail protein assay kit. which utilizes the method

of Bradford (IM76). Protein content was determined In

comparison to a standard curve produced using bovine

serum albumin ( BSA).

SDS PAdF was carried out using a Bio Kad Mini -Pro

lean II svstem. Samples diluted in buffer (50'/f H2 O:

0.0625% Tris-HCl, pH 6.8; !()'/( glycerol: 2'>; SDS;5%2-/3

mercaptoethanol; O.OOI3'/ bromo-phenol blue) 1:4. were

loaded onto 4'/r-15% (w/v) linear gradient SDS-PAGE

precast gels (BioRad) or onto >)', (\\/\ i SDS-PAGFf gels via
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3.3% (w/v) stacking gels (Laemmli. 1970). The gels were run

at 100 V for about 1 h, rinsed with ddH-,0, and stained for

protein using Coomassie brilliant blue R-250 in fixative (40%

methanol, 10%' acetic acid). Nonspecific staining was removed

in a solution of 40% methanol and 10% acetic acid. Gels were

vacuum dried onto blotting paper and photographed.

Immunoblotting

For dot blots, samples of the 15,000 X g supernatant (3

/Ag or 15 /J,g total protein per sample) or purified yeast

V-ATPase (1-ju.l and 2-jul samples) were pipetted onto

methanol-activated PVDF membranes (0.45-/u,m pore size,

Gelman Sciences) and allowed to air dry. The membranes

were rinsed in Tris-buffered saline (TBS; 20 mA/ Tns-HCl,

500 mA/ NaCl, pH 7.5). Immunoblotting was carried out

essentially according to Sheng and Schuster ( 1992). Exper-

imental blots and positive control membranes were incu-

bated with polyclonal antibodies (either anti-d or anti-B

V-ATPase subunit) diluted 1:1000 in incubation buffer

(TBS containing 0.5% BSA and 0.02% NaN,) for 12 h at

4C. Negative controls were kept in incubation buffer with-

out primary antibody. The membranes were washed and

probed using alkaline-phosphatase-conjugated anti-Ig G an-

tibodies (diluted 1:4000 in incubation buffer) for 1 h at

22C. After washing out the unbound secondary antibodies,

the membranes were rinsed with several changes of ddH 2 O,

and staining was developed with Sigma Fast BC1P/NBT

tablets. The membranes were allowed to air dry, and then

photographed.

For Western blotting, 10-/j,g samples of the 100,000 X g

resuspended pellet (diluted 1:4 in running buffer) and mark-

ers were loaded onto 9% SDS-PAGEgels and electropho-

resed as described above. The gels were removed, rinsed in

ddH
2 O, then placed in transfer buffer (25 mA/Tris, 192 mA/

glycine, 20% v/v methanol, pH 8.3) and equilibrated for 30

min with gentle agitation. PVDFmembranes were wetted in

100% methanol and also allowed to equilibrate in transfer

buffer. Blotting was completed using the Bio-Rad Mini

Trans-Blot module for the Mini-Protean II system. Transfer

was completed overnight at 4C, after which the membranes

were allowed to air dry, allowing the protein to adhere

tightly to the PVDF membrane. Membranes were then

placed in a solution of 0.3% H-,O :
for 10 min to block

endogenous peroxidase activity, rinsed in ddH 2
O and TBS,

then nonspecific binding sites were blocked as for the dot

blots. Primary antibodies were applied as described for the

dot blots and incubated overnight at 4C. The membranes

were washed in incubation buffer, incubated in 1% nontat

milk in TBS, and rinsed in incubation buffer. At this time

the membranes were rinsed in TBS (3 times, 10 min each),

and a "Histomark" Streptavidin-HRP system kit was em-

ployed (Kirkegaard and Perry Laboratories Inc. (KPL),

Gaithersberg, Maryland). The membranes were incubated

for 30 min at room temperature in 10% v/v NGSprovided

with the kit. The membranes were then transferred to the

biotinylated antibody solution provided (diluted 1 :4 in TBS)

and incubated a further 30 min. The membranes were rinsed

(3 times, 5 min each) in TBS containing 1% NGS, and

incubated in streptavidin-peroxidase (diluted 1:4 from that

provided) for an additional 30 min. Following this treat-

ment, the membranes were rinsed in several changes of

TBS, then in distilled water. Banding patterns were revealed

using KPL TrueBlue peroxidase substrate. The membranes

were allowed to dry, and were photographed.

ATPase assays

Ten to twenty-five microlitres of the homogenate (-15

ju,g protein per tube) were placed in 1 .5-ml Eppendorf tubes,

in 145 ;ul of assay buffer (2 in A/ MgCU, 20 mMKC1, O.I

mA/ EGTA, 0.3 mg/ml BSA. 0.5 mA/ sodium azide (NaN 3 )

[to inhibit mitochondria! ATPase activity], 30 mA/ Tris-

HC1, pH 7.5: modified from Al-Fifi et al., 1998). To exper-

imental samples, 5 jul of bafilomycin A, (Sigma) stock

solution (10 jug diluted in 500 /al dimethylsulfoxide

(DMSO)) was added, giving a final concentration of 1 /u-A/

for the inhibitor. DMSOalone was added to the controls

(Onken and Putzenlechner, 1995). Samples were incubated

for 30 min at 22C to allow the inhibitors to react. To

initiate the ATPase reaction, 50 /J.I
of 12 mA/ Mg

2 + -ATP

was added to the sample tubes (3 m/W final concentration).

The samples were reacted for 45 min at 37C in a water

bath, following which 400 jul of a 1:1 mixture of 1%

polyoxyethylene 10 lauryl ether in distilled deionized water,

and 1% ammonium molybdate in 0.9 A/ H2 SO4 was added

to stop the reaction (procedure modified from Atkinson et

al.. 1973). The tubes were kept at room temperature for 10

min to allow the yellow color to develop. Absorbancy was

then measured at 390 nm. The relative quantity of inorganic

phosphate (Pi) was determined by comparison to a standard

curve produced using phosphate standards as described by

Atkinson et al. (1973). The total activity is expressed as the

amount of Pi produced per microgram of total protein per

minute. The V-ATPase activity was determined to be the

difference between the amount of Pi produced by the con-

trols in the absence of bafilomycin and the amount produced

by experimental samples with bafilomycin.

Statistical analysis

Student's t tests were completed on the experimental

ATPase assay data using GraphPad Instat v. 2.0 (GraphPad

Software, San Diego, California).

Results

Structure of the Accessory Boring Organ

The structure of the ABO in Niicella lamellosa is shown

in Figure 1, and is similar to that described for other
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Figures I-.V i-ssorv boring organ (ABO) ot
'

Nucclla lamellosa.

Figure 1. .! .in exerted ABOstained with Mallory-Hciden-
hain quick slain. ^ h in shape of the organ. The cap is

comprised ol
pithi li.il n-IK in Minoumlin.r .1 rcnii.i!

sinus (s). which is Aiih ihe sinus in the stalk. The stalk

|.
iilK-h.il iclls ..( the AHO i,i|' lit

long (200-300 jimi. w ini h border (b) H\ imiiiasi. the

epithelial cells of the sin , i nssiu- (arrow heads) are short (40

ftm). Muscle is seen in H fl
. .it ihr .talk .iiul ix presnni.il>K

used to retract the AHOml" il
, nlMiln in the foot. Sc.il. ku

200 Mm.

muricids. in particular to that of Thais (N.) lapillus (Webb
and Saleuddin. 1977). The cap of the ABO consists of a

single layer of epithelial L-ells ie). surrounding a central

sinus (s). The epithelial cells possess a distinct apical brush

hiMiU-i (hi. The stalk of the ABO invaginates into the foot

Mi. and also contains a sinus (s). The brush border of the

epithelial cells is about 10-15 ^im in height, and the cells

themselves are tall (200 300 /inn and thin, with irregular

basal infoldings abutting the central sinus. There is no

distinct demarcation between the epithelial cells and the

sinus. Interstitial spaces can be seen between the cells,

providing additional surface area to the sinus. Nuclei are

identifiable in the basal third of the cells, and other or-

ganelles occur distally to them. Strands of muscle and

connective tissue can he observed spanning the sinus,

loosely connecting the epithelium to the more muscularized

stalk. The muscle in the stalk is probably involved in

retracting the ABO into its vestibule within the foot.

By contrast, the surrounding foot epithelium (arrow-

heads) is composed of shorter columnar cells (40 /u.m in

height) without a brush border. An obvious basement mem-
brane underlies these cells, separating them from the foot

tissue below. The foot epithelium is composed mainly of

goblet cells, which undoubtedly secrete mucus, serving to

lubricate the foot and to seal it tightly to the substrate when

the snail is drilling. At the electron microscope level, the

apical area of the ABO epithelial cells (Fig. 2) shows the

long microvilli (mv) that make up the brush border of the

ABO, and the many mitochondria (m) within the cells.

Dense granules are also present in the apical region of the

cells. Gap junctions (gj) occurring between adjacent epithe-

lial cells are commonly seen in the apical region (Fig. 3).

These junctions are thought to facilitate communication

between the cells, ensuring rapid and uniform response of

the ABOepithelium (Webb and Saleuddin. 1977).

Immunocytochemical localization

Positive immunorcaction tor V-ATPase was obtained us-

ing anti-d subunit primary antibody, with either alkaline

phosphatase or HRP conjugates as secondary antibodies

(Figs. 4, 5. 6). [mmunoreaction was localized exclusively to

the brush border region of the ABO. The surrounding foot

epithelium (acting as built-in control lor the sections) and

other areas of the ABO showed no imiminostaining. Sec-

F'iguri
1 2. Hcclinii inn mn.i|>h nl Ihe .ipn.il ici'ion ol the AHO i ap

epithelium. Note the lone microvilli (mv) of Ihe brush border. Ihe numer-

ous mitochondria (m). and the interstitial spaces (s) between the cells.

Dense granules seen in the cells may contain degradativc enzymes. Scale

bar: 1.5 /am.

Figure 3. Electron micrograph illustrating the presence of gap junc-

tions (gj) between adjacent cells of the ABOcap. Also note the mitochon-

dria (m). Scale bar: 100 nm
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Figures 4-9. ImmunohistochemicaJ localization of vacuolar-type ATPase (V-ATPase) in whole accessory

boring organ (ABO) of Nucellu lamellosa.

Figure 4. This section was probed with polyclonal antibody to the V-ATPase d (39-kDa) subunit and

alkaline-phosphatase-conjugated secondary antibody. Immunoreactive sites were visualized with BCIP/NBT.

Immunostaining is exclusive to the brush border of the ABO(b). Immunostaining is absent in the foot epithelium

(arrowheads), e, epithelial cells; s, sinus. Scale bar: 100 fim.

Figure 5. Magnified image of the ABOshown in Figure 4. Note the positive reaction for V-ATPase in the

brush border (b). e, epithelium; s, sinus. Scale bar: 75 /MUI.

Figure 6. This section was probed with the anti-39kDa primary antibody (as above) and HRP-conjugated

secondary antibody. Immunoreactive sites were visualized using DAB-HiO,. The imrnunostaining is exclusive

to the brush border (b). e, epithelium. Scale bar: 40 ju.ni.

Figure 7. This section was probed with monoclonal antibody to the V-ATPase B (60-kDa) subunit. primary

antibody, and alkaline-phosphatase-conjugated secondary antibody. Immunoreactive sites were visualized with

BCIP/NBT. Immunostaining is exclusive to the brush border of the ABO(b). Arrowheads, foot epithelium; e,

epithelial cells; s, sinus. Scale bar: 100 jum.

Figure 8. Magnified image of the ABOseen in Figure 7. Very intense imrnunostaining is noted in the brush

border (b). e, epithelium. Scale bar: 25 /nm.

Figure 9. ABOprobed only with alkaline-phosphatase-conjugated secondary antibody and BCIP/NBT. No

imrnunostaining is apparent in the brush border (b). e, epithelium. Scale bar: 25 /nm.

tions incubated in anti-B subunit polyclonal antibody

showed the same Immunostaining pattern. Both the anti-B

subunit (Figs. 7 and 8) and and- A subunit monoclonal

antibodies showed positive staining for V-ATPase within

the brush border. Control sections incubated without a pri-

mary antibody (Fig. 9) exhibited no immunoreaction. Im-

muno-electron micrographs of a section of an ABOtreated

with anti-d subunit primary antibody and gold-conjugated

secondary antibody showed immunoreactivity (Fig. 10).

The reactive sites for the V-ATPase antibody are located in

the microvilli of the epithelial cells, as evident by the

presence of gold particles in the microvilli. The gold parti-
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Huure 10. Immuno-clcctron micrograph of the microvilli dm I that

form the brush border ol the accessor;, boring organ lABO) of .Y, ,-ll,i

lamellosa. The section was probed with primary antibody to the V-ATPase

d (39-kDa) subunil an. I gold ion|uvaied secondary antibody. The presence

of 10-nm gold particles m tin- micioL'raph reveals that the immunoreacli\e

sites for V-A'M'ases arc located in the microvillar membrane. Scale bar

200 nm. The inset shows the gold particles (outlined in blackl that lie close

to the plasma membranes of the microvilli. Scale bar: 50 nm

cles underlie the memhiancs ol ihc microvilli (inset), since

the cl suhunit closely associates \\itli the transmembrane

(V ) domain in assembled molecules. These results suggest

that V-ATPases are present in the plasma membranes ol the

microvilli of the ABOepithelial cells.

Molci iilur weight determination

ip|ieiograms of the lOO.OOO X
,1;

membrane rcsus

pension on SI )S po|\ ,K i s lanudr gels (Fig. II) revealed

e bands. I'cplulcs \\iih molecular weights ol

appii .ind *') kDa larrovvheailsi may cor-

respo \ U. .UK! d \ ATl'ase subunits. Other

in th> remaining V-ATI'ase snbunits

(not indieu ni \ A I I'asc peptides are

known to r d actoss kingdoms, phyla.

genera, and spec I'")X) \nic tliat in Figure I I,

the lower moK I. ink ( 1 7.6 and 7 '.5 kl)a) ol

the marker lanes m ont (I irge at mvv head).

so thai the lower in.
.

.

.-ptules are unresolved.

The 9% gel was Found Foi use in western

Nutting since markers of 32.6 kDa and higher molecular

weights were clearly resolved. The remainder of the bands

seen on the gel are presumably peptides of a variety of other

membrane molecules (Na'/K*-ATPase. ion channel pro-

teins, etc.).

Samples of purified yeast V-ATPase (positive control)

anil of the 15.000 X x gland extract supernatant were

applied lo PYDF membrane and probed using the poly-

clonal antibodies and alkaline-phosphatase-conjugated sec-

ondary antibodies (Fig. 12). Lane a shows positive immu-

noreaction to samples of veast V-ATPase (2-/nl samples

[top] and 1 n\ samples (bottom)) that were probed with the

anti-B polyclonal antibody. Lanes b. e, and d were made

with samples of the 15,000 X g supernatant (15 /ng protein

| lop |
and 3 /j.g protein (bottom]). Lane b and lane c were

probed with polyclonal antibodies directed against the B

and d V-ATPase subunits respectively. These samples also

show positive immunoreaetivity. Samples in lane d were

incubated without primary antibody and act as negative

controls.

Western blots obtained Ironi protein transferred from a

M', SDS-polyactylamide gel are shown in Figure 13. Mark-

ers, indicated on the outside lanes, were also run in the lanes

between sections of the membrane incubated in either anti-d

(34 kDa) polyclonal antibody (a). anti-B (-60 kl)ai polv-

clonal antibody (b). or without a primary antibody (cl. Note

that two lanes appear in each section of the blot between the

marker lanes. A single nonspecific band occurring slight Iv

below the 70 kDa markers is seen in all the blots. This is

probably the result of a protein reacting with the TrueBlue

peroxidase substrate. Blot a clearly reveals positive staining

with the anti-39-kDa antibody. A single band is observed in

each lane somewhat below the 42.S-kDa markers. This hand

r -rm i*M r1"** ' <W
, t

- " ""'

4

4

209

12S

70

42.8

32.6

Hniii-f 1 1. Discontinuous SDS-PAGEC)
ri gel) of ABOmembranes.

Molecular weight standards are shown in the outside lanes. The 9% gels

were found lo be suitable for western blotting, since our antibodies are

specific for subunits exceeding 32.6 kDa. The center lanes of the gel show

the bunding pattern observed in the ABOmembrane. Peptides correspond-

ing lo the molecular weight of A. B. and d V-ATPase subunits are indicated

(arrowheads).
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a

Figure 12. Samples of purified yeast V-ATPase (a: 2 /nl. upper; I jxl

lower) and of the 15,000 x g supernatant of ABOextract (h. c, d: 15 /xg

protein, upper; 3 jag protein, lower) were spotted onto PVDF membrane,

and probed with primary antibodies and alkaline-phosphatase-conjugated

secondary antibodies. Color was developed with BCIP/NBT. a (positive

control) and b were probed with the anti-B (-60-kDa) subunit primary

antibody, while c was probed with the anti-d (39-kDal subunil primary

antibody. All except d (negative control) show positive staining for V-

ATPase.

does not appear in b or c. It appears that the antibody binds

to a peptide that has a relative molecular weight correspond-

ing to the subunit against which it was raised. Blot b reveals

a positive reaction lying immediately beneath the nonspe-

cific band, at about 60 kDa. It appears that this antibody also

recognizes a peptide that corresponds to the subunit against

which it was raised. Faint bands occurring in a and b near

the 1 25-kDa marker are possibly due to endogenous perox-

idase activity; alternatively, they could reveal peptides with

epitopes similar to those recognized by the antibodies. The

control blot c shows only the single nonspecific band, indi-

cating that the immunostaining apparent in a and b results

from the specific binding of the V-ATPase antibodies to

their respective subunits.

ATPase ussavs

Assays conducted to determine the effect of bafilomycin

on the release of Pi reveal that the quantity of Pi detected is

significantly lower in samples containing the inhibitor than

in the control samples. Three separate homogenates were

assayed, and the difference was observed in each case. The

results (Table 1) reveal that about 10% of the inorganic

phosphate detected in the ATPase assays is liberated by

V-ATPase. The remainder of the Pi detected is presumably

liberated by other phosphatases present in the homogenates

or by the degradation of the Mg
2+ -ATP substrate during the

incubation periods. V-ATPase activity, defined as the aver-

age of the mean differences between control and inhibited

trials of the three experiments, is 67.0 13.3 (SEM) pmol

Pi/(jug protein min).

Discussion

Muricid snails such as the frilled whelk, Nucella lamel-

losa, normally prey on a variety of invertebrates such as

bivalves, gastropods, barnacles, and other small crustaceans

that have a protective calcareous external shell. To feed, the

snail must usually bore a hole through this shell. Drilling is

completed by a chemomechanical process that combines the

action of chemical secretions derived from the accessory

boring organ (ABO), to soften the shell materials, with the

rasping action of the radula on the shell (Carriker. 1981).

The secretion is acidic (Carriker and Van Zandt, 1967) and

contains degradative enzymes (Webb and Saleuddin, 1977;

Carriker and Williams, 1978). Hydrochloric acid is thought

to be the inorganic acid secreted by the ABObecause the

etchings it produces on bivalve shells are similar to those

produced by excised ABOs (Carriker et ai, 1963; Carriker,

1978, 1981). Webb and Saleuddin ( 1977) proposed that an

acid ATPase pump located on the apical membrane of the

ABO is responsible for secreting the acid from the ABO.

The presence of V-ATPase pumps in molluscan epithelia

has been implied in electrophysiological studies of the outer

mantle epithelium in Unio coinplunatiis (Hudson, 1993) and

in Anotlontti cytineii (da Costa et <;/., 1999). Bafilomycin A,

was seen to collapse the short circuit current across the

apical membrane and prevent the extrusion of protons into

the mantle cavity. Protons are extruded into this space,

where they are buffered by the shell, which is thought to

relieve acid loading in the tissues when the clam is closed

(Hudson, 1993). Osteoclasts also use V-ATPase pumps
located in their ruffled borders (Vaaniinen et /., 1990) to

extrude protons into the extracellular environment. The

209
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42.8
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42.8
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Figure 13. Western blots obtained from membrane preparations. Pep-

tides were transferred onto PVDFmembranes from a 9%SDS-PAGEgel.

Kaleidoscope markers are shown on each side, and between each blot. The

dye front is indicated by the arrowheads. Two lanes appear in each of blots

a. b, and c. Blot a was probed with the V-ATPase anti-d (39-kDa) subunit

primary antibody and blot b with the anti-B (~60-kDa) subunit primary

antibody (polyclonal); c was a negative control. Primary antibodies were

detected using a Streptavidin-HRP system, and color was developed using

TrueBlue peroxidase substrate. Positive reaction is seen for both V-ATPase

subunits. with each antibody binding to its appropriate subunit in the ABO
V-ATPase molecule. A single nonspecific band occurring below the 70-

kDa marker is seen in a. b, and c. Faint bands seen in and b near the

1 25-kDa marker are possibly due to endogenous peroxidases or to peptides

with epitopes similar to those recognized by the antibodies.
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Tahli- I

ATPase activities in luimogenates of accessor* boring organ. ./
' IHI"V>I>II<' phosphate per microgram of total protein

per minute
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name "single celled epithelia" has been coined (Brown and

Breton, 1996).

SDS-PAGEand immunoblotting provided additional im-

munological evidence to support the identity of V-ATPase

pumps. Gel electrophoresis revealed that a membrane prep-

aration of ABOhomogenate contains peptides with molec-

ular weights that are similar to those of V-ATPase subunits.

Additional bands in the gel reflect the impurity of our

sample. Furthermore, dot and western immunoblots of sam-

ples derived from ABO homogenates stained positive for

V-ATPase. The western blots show that polyclonal antibod-

ies raised against mammalian V-ATPase subunits cross-

react to the equivalent peptides of V-ATPases found in the

ABO. This suggests that the ABOV-ATPase is homologous
to other known V-ATPase species.

Finally, identification of V-ATPase was established phar-

macologically using the specific V-ATPase inhibitor bafilo-

mycin A, (Bowman et al.. 1988). ATPase assays were

conducted on the 1000 X g supernatant of ABOhomoge-
nates obtained from 15-20 animals. Three separate pooled

ABOhomogenates were produced and assayed for ATPase

activity. Each 1000 X g supernatant provided sufficient

protein to assay a minimum of three control and three

inhibited trials. About 10% of the phosphate liberated in the

control samples was seen to be derived from V-ATPase.

V-ATPase activity ranged from 41.90 to 87.25 pmol Pi/(jug

protein min), with an average of ~67 pmolAjiig protein

min). The disparity in the ATPase activities among the three

ABOhomogenates can be attributed primarily to variation

in the amount of V-ATPase actually present in each homog-
enate (total protein was determined, so inclusion of excess

foot tissue, for example, would lower the V-ATPase con-

tent) and to variation in the amount of Pi released through

dissociation of endogenous ATP or other phosphorylated

substrates during tissue processing and assay procedures.

The activity of the ABOV-ATPase is comparable to that

reported in other animals: Onken and Putzenlechner ( 1995)

reported V-ATPase activities of 20 and 10 pmol Pi/ljug

protein min) in filtrates from the posterior and anterior gills

of Eriocheir sinensis, respectively, whereas Al-Fifi et al.

(1998) found a higher activity of 192.3 pmol PiAjug protein

min) in a 600 X g supernatant obtained from the homoge-
nates of Malpighian tubules in Locusta, and Sallman et al.

(1986) reported V-ATPase activities of 30.8 pmol PiAjug

protein min) and 42.4 pmol Pi/(;ug protein min) in

homogenates respectively obtained from the cortex and

medulla of human kidneys.

The structural, immunological. and biochemical investi-

gations undertaken in this study provide clear evidence that

V-ATPase is present in the ABOof Nucella lamellosa, and

that this V-ATPase shares structural similarity with other

V-ATPase species. On the basis of these findings, we can

revise the Webband Saleuddin (1977) model describing the

mechanism of proton transport by a muricid ABO. The

Shell

H*CaCo,^Ca i
+ HCO,^ H,CO,i; HP* CO:

A

MR Cell

HC0
3 HC0

3

Hemolymph

Figure 14. Revised model of the mechanism of proton transport in the

muricid accessory boring organ (ABO). Carbonic anhydrase (CA) cata-

lyzes the production of H+
and HCO,~ via the carbonic acid pathway.

Bicarbonate is removed from the mitochondria-rich (MR) epithelial cell via

basal HCO_,~/C.r antiporters. while protons are extruded from the cell into

the bore hole by V-ATPase pumps located in the microvilli. Mitochondria

generate ATP to power the extrusion process, generate metabolic CO2 for

the carbonic acid reaction, and provide a reducing environment to stabilize

the V-ATPase molecules. Chloride ions exit the cell via apical ion chan-

nels, and possibly by paracellular routes. The protons and chloride ions

(HC1) act to dissolve the mineralized component (CaCO,) of the shell,

while degradative enzymes also present in the secretions of the ABObreak

down the organic matrix. Carbon dioxide liberated from the dissolving

shell may diffuse into the cell to enhance the carbonic acid reaction. The

presence of HCO3 "/C1~ antiporters and. as speculated here, of chloride ion

channels is based on comparable studies of mitochondria-rich cells in other

animal epithelia.

revised model (Fig. 14) contains V-ATPase proton pumps
in the microvilli of the ABO epithelial (MR) cells. The

presumed presence of chloride-bicarbonate antiporters in

the basolateral membranes, apical chloride channels, and

paracellular chloride transport is consistent with current
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models describing MRcells in many animal epithelia such

as insect Malpighian tubules iMaddrell and O'Donnell.

1992; Beyenbach. 1995: Pannahecker. 1995: Brown and

Breton. 1996: Harvey el al.. 1998).

V-ATPases actively pump protons from the cytoplasm

and extrude them into the bore hole. Chloride is .il

truded from the cells via ion channels and perhaps p i

lularly between the MR cells. Protons combine the

chloride ions in the extracellular space, form in-: li .-."chlo-

ric acid. As mentioned, it has been suggested thai tit I is the

acid in the secretion from muricid and naticid ABOs i(',n

riker el ai, 1963: Carriker. 1978. I9SI . and the revised

model is consistent with these studies. Bicarbonate is elim-

inated from the cells into the hemolymph by anion trans-

porters as shown, and chloride is iranslerred into the cell as

a counter ion. Other ion transports s are probably present,

but are excluded from this diagiam for clarity. The model

accounts for all the structural features of the MRcells (as

discussed by Webb and Salcuddm. l

( )77). but it now iden-

tifies the proton pump and can account for the presence of

HCI in ABOsecretions. Moreover, our revised model places

the muricid ABOinto the group of animal epithelia that use

V-ATPase pumps to acidity extracellular environments.

No attempt was made in this study to identify the degra-

dative enzymes in the secretion of the ABO. hut our model

is not inconsistent with the presence of lysosomal en/ymes
(such as indicated by Webb and Saleuddin. 1977). Such

enzymes could be used to degrade the organic components
of shells (e.g., penostracum and shell matrix protein, chitin

in crustaceans, or keratini/ed structures such as elasmo

branch egg capsules i. in a manner similar to the degradation

of bone matrix by Ksosomal en/ymes secreted by osteo

clasts (Wiec/nrek <-r <;/.. ]')')')). Dense granules observed in

the MRcells may in fact contain such en/ymes. It is well

known that one of the major functions of intracellular V-

ATl'ases is the acidification of enilosomes such as lyso

somes and pcmxisomes. particularly in phagocytic cells,

which is necessary for the activation of lysosomal enzymes
(Grinstein et al.. 1992). V-ATPases in the apical membrane

of the ABOcould serve the same function, acidifying the

secretions I mm the ABO to activate secreted en/ymes.
Mucus sect el i-i I 1 1 on i the goblet cells of the surrounding loot

epithelium or IV the MRcells of the ABOcould serve to

protect the ABO li> u idic and en/y malic degradation.

The locali/atiuii ot \ \\ I'asc pumps in the epithelium of

the muricid AB' p
t here and (hen presence in the

shell-facing mantle epitli h.i ol freshwater bivalves (Hud-

son. 1993; da Costa ./ al., 1999) and in (he membranes of

osteoclasts (Vaananen et ai. I

1

' KM suggests ihat the mech-

anism for decalcificaiK'ii ol m substrates is con-

served.

It is interesting to speculate on ih<- method of regulation of

the V-ATPases in the ABO. The mechanism could quite sim-

ply be the inaclivation of the catalytic domains or their disso

ciation from the proton-transporting domains when the ABOis

i and the reactivation/reassociation of the V-ATPases in

ed organs. In the engorged state, hemolymph filling the

sinus of the ABO would aerate the MR cells, enabling en-

hanced aerobic metabolism in the mitochondria. In addition to

producing ATP as the energy source, this activity could pro-

duce a reducing environment in the apical region of the cells,

stabili/ing the V-ATPase pumps (Merzendorfer et ;/.. 1997).

In the flaccid state, blood supply is shut off to the ABO.

inhibiting aerobic metabolism and leading to the oxidation and

inactivation of the V-ATPases. It is also possible that factors

acting as hormones enter the ABO via the hemolymph and

pass through the thin basement membrane of the MRcells to

act on the V-ATPases. Their effects may be direct, or they may
act through mediators such as the 35-kDa V-ATPase cylosolic

activator peptide in bovine kidneys (Zhang et al.. 1992).

Acknowledgments

This study was supported by a grant from NSERC. Can-

ada to ASMS. We thank Dr. Sergio Grinstein and Dr.

Morris Manolson of the University of Toronto for their gifts

of antibodies. Dr. Michael O'Donnell of McMaster Univer-

sity for his insights into invertebrate V-ATPases. and Drs.

Hamid Khan and Spencer Mukai of York University, for

their technical assistance. Thanks also to Dr. Barry G.

l.oughton for editing the manuscript.

I.ikTaliiri- C'iU'd

Al-l-ih, /.. I. A., S. I.. Marshall. I). Iheli'. .1. II. Anstec. and K. Bowler.

I99S. ( 'lui.u u-M/.iiion ol ATPascs of apical membrane fractions

limn 1 1 'i iniu nnvniioriii Malpighian tubules. Insect Biochem. Mot.

Hil. 28: 201-2 I I

\lkinsmi. A.. \. I), (iati-nln, and A. G. I.owc'. 197.1. The ilelerminution

ol inorganic orthophosphste in biological -*\ Mcms. [Hot him. Biophys.

Acta 320: 1'is 20-4

V/iim.i K.. and \. Ohta. 1998. Changes in H '-transporting vacuolar-

type ATPase in the anterior --ilk eland ot Hnmbyx mtiri during meta-

i phosis
/ / i/' />'' 201: 479-486.

I'.i i ii.ml K. K.. and .1. \\. Bayslia". 1969. Histology and line structure

ol the acccssoi\ bonny organ of Polinices lewisi (Gastropoda, Proso-

hiam.-ln.ii ./. I- nil. Rex. Board Can. 26: 1-451-1457.

IU'Vi'iihai-li. K. \\ . 1995. Mechanism and regulation of electrolyte trans-

poll in \l.il|ir-hi,in mimics. ./. lined Physiol. 41: 197-207.

I'. in. MI ! '.. .1.. A. Sii'brrs. an<l K. \ltfiidcirt. I9S8. Haliloniycins: a

class of inhibitors of membrane ATPases from microorganisms, animal

cells, ami plant colls. I'roc. Nail. Aead. Sci. USA 85: 7972-7976.

Itiadlnrd. M. 1976. A rapid and sensitive method for the i|uanlitation of

nncrogram quantities of protein utili/ing the principle of protein-dye

binding. ,1m;/ Hi,; hem 12: 248-254.

Itimm I)., and S. Itrcton. 1996. Mitochondria-rich proton-secreling

epitheh.il cells ./. /:/,. Hint. 199: 2.145-2358.

Hrown. I).. S. Ilirsdi, and S. (iluck. I98N. Localization of a proton-

pumping ATPase in rat kidney. ./. Clin. lnve\t. 82: 2114-2126.

Hrown, I)., I'. .1. S. Smith, and S. lirclon. 1997. Role of V-ATPasc-rich

cells in acidification of the male reproductive tract. J. E\/>. Hiol. 20(1:

257-262.

( 'arrikiT. M. K. 1978. I'ltraslructural analvsis of dissolution of the shell



V-ATPASE IN THE ACCESSORYBORING ORGANOF A MURICID GASTROPOD 283

of the bivalve Mvfi'/i/.v ei/itlis by the accessory boring organ of the

gastropod Urosalpinx cinerea. Mar. Biol. 48: 103-134.

Carriker, M. R. 1981. Shell penetration and feeding by naticacean and

muricacean predatory gastropods: a synthesis. Malacologia 20: 403-422.

Carriker, M. R., and D. Van Zandt. 1967. Gastropod I'roxulpinx: pH
of accessory boring organ while boring. Science 158: 920-922.

Carriker, M. R., and L. G. Williams. 1978. The chemical mechanism

of shell dissolution by predatory boring gastropods: a review and an

hypothesis. Malacologia 17: 143-156.

Carriker, M. R., D. B. Scott, and G. N. Martin. 1963. Demineraliza-

tion mechanism of boring gastropods. Pp. 55-89 in Mechanisms of

Html Tixxue Destruction. R. F. Sognannaes, ed. American Association

for the Advancement of Science, Washington, DC.

Chetail, M., and J. Fornie. 1969. Shell-boring mechanism of the gas-

tropod Purpura (Thais) lapillus: a physiological demonstration of the

role of carbonic anhydrase in the dissolution of CaCO,. Am. Zool. 9:

983-990.

Collins, T. M., K. Frazer, A. R. Palmer, G. J. Vermeij, and M. R.

ItrmMi. 1996. Evolutionary history of northern hemisphere Nucella

(Gastropoda, Muricidae): Molecular, morphological, ecological, and

paleontological evidence. Evolution 50: 22X7-2304.

da Costa, A. R., P. F. Oliveira, C. Barrias, and H. G. Ferreira. 1999.

Identification of a V-type proton pump in the outer mantle epithelium

of Anoilonla cvgnea. Comp. Biochcm. Pliyxiol. 123: 337-342.

Ehrenfeld, J., and U. Klein. 1997. The key role of the H '

V-ATPases

in acid-base balance and Na+
transport processes in frog skin. J. E.\p.

Hint. 200: 247-256.

Finbow, M. E., and M. A. Harrison. 1997. The vacuolar H* -ATPase:

a universal proton pump of eukaryotes. Bioclicin. J. 324: 647-712.

Forgac, M. 1998. Structure, function and regulation of the vacuolar

(H
'

)-ATPases. FEES Lett. 440: 258-263.

Fretter, V., and A. Graham. 1962. Chapter 10: Feeding. Pp. 240-262

in British Prosobranch Molluscs. Their Functional Aiuitomy ami Ecol-

X\. The Ray Society. London.

Grinstein, S., A. Nanda, G. Lukacs, and O. Rotstein. 1992. V

ATPases in phagocytic cells. J. Exp. Biol. 172: 179-192.

Harvey, W. R., S. H. P. Maddrell, W. H. Teller, and H. Wieczorek.

1998. H *
V-ATPases energize animal plasma membranes for secre-

tion and absorption of ions and fluids. Am. Zool. 38: 426-441.

Hudson, R. L. 1993. Bafilomycin-sensitive acid secretion by mantle

epithelium of the freshwater clam, Unio complanatus. Am. ./. Physiol.

264: R946-R95I.

Humason. G. L. 1967. Animal Tissue Techniques. 2nd ed. W. H. Free-

man, San Francisco. Pp. 16. 165.

Just, F., and B. Walz. 1994. Immunocytochemical localization of

Na+
/K

+ ATPase and V-H*-ATPase in the salivary glands of the

cockroach, Periplaneta amcricana. Cell Tissue Kes. 278: 161-170.

Laemmli, II. K. 1970. Cleavage of structural proteins during the assem-

bly of the head of bacteriophage T4. Nature 227: 680-6K5.

Lin, H., D. C. Pfeiffer, A. W. Vogl, J. Pan, and 1). J. Randall. 1994.

Immunolocalization of H+
-ATPase in the gill epithelia of rainbow

trout. J. Exp. Biol. 195: 169-183.

Lubansky, H. J., and A. L. Arruda. 1985. Plasma membrane proton-

ATPase of a turtle bladder epithelial cell line. J. Biol. Clicm. 260:

4035-4040.

Maddrell, S. H. P., and M. J. O'Donnell. 1992. Insect Malpighian

tubules: V-ATPase action in ion and fluid transport. J. Exp. Biol. 172:

417-429.

McLean, I. W., and P. K. Nakane. 1974. Periodate-tysine-paraformal-

dehyde: a new fixative for immunoelectron microscopy. J. Histochem.

C\lochcm. 22: 1077-1083.

Merzendorfer, H., R. Graf, M. Huss, W. R. Harvey, and H. Wieczorek.

1997. Regulation of proton-translocating V-ATPases. J. Exp. Biol.

2(10: 225-235.

Nelson, N., and W. R. Harvey. 1999. Vacuolar and plasma membrane

proton-adenosine-triphosphatases. Phvxiol. Rev. 79: 361385.

Nordstrom, T., L. D. Shrode, O. I). Rotstein, R. Romanek, T. Goto,

J. N. M. Heersche, M. F. Manolson, G. F. Brisseau, and S. Grin-

stein. 1997. Chronic extracellular acidosis induces plasmalemmal

vacuolar type FT ATPase activity in osteoclasts. J. Biol. Chein. 272:

6354-6360.

Nylen, M. U., D. V. Provenza, and M. R. Carriker. 1969. Fine struc-

ture of the accessory boring organ of Ihe gastropod Uroxulpin\. Am.

Zool. 9: 935-965.

Onken, H., and M. PuUeiilei-hner. 1995. A V-ATPase drives active,

electrogenic and Na
'

-independent Cl~ absorption across the gills of

Eriocheir sinenxix. ./. Ev/i. Biol. 198: 767-774.

Pannabecker, T. 1995. Physiology of the Malpighian tubule. Annu. Rev.

Entomol. 40: 493-510.

Pantin, C. F. A. 1964. Narcotization. Pp. 5-7 in Notes On Microscopical

Technique for Zoologists. Cambridge University Press, London.

Person, P., A. Smarsh, S. J. Lipson, and M. R. Carriker. 1967. En-

zymes of the accessory boring organ of the muricid gastropod Urosul-

pinx cineren follyensix. I. Aerobic and related oxidative systems. Biol.

Bull. 133: 401-410.

Pietrantonio, P. V., and S. S. Gill. 1995. Immunolocalization of the 17

kDa vacuolar H+
-ATPase subunit c in Heliothis virescens midgut and

Malpighian tubules with an anti-peptide antibody. J. Exp. Biol. 198:

2609-2618.

Rautiala, T. J., A. M. P. Koskinen, and H. K. Vaananen. 1993. Pu-

rification of vacuolar ATPase with bafilomycin C, affinity chromatog-

raphy. Biochcm. Biophvs. Res. Coninnin. 194: 50-56.

Russell, V. E. W., U. Klein, M. Reuveni, D. D. Spaeth, M. G. Wolfers-

berger, and W. R. Harvey. 1992. Antibodies to mammalian and

plant V-ATPases cross react with the V-ATPase of insect cation-

transporting plasma membranes. J. Exp. Biol. 166: 131-143.

Sallman, A. L., H. J. Lubansky, Z. Talor, and J. A. L. Arruda. 1986.

Plasma membrane proton ATPase from human kidney. Eitr. J. Bio-

chem. 157: 547-551.

Schweikl, H., U. Klein, M. Scliindlheck, and H. Wieczorek. 1989. A

vacuolar-type ATPase, partially purified from potassium transporting

plasma membranes of tobacco hornworm midgut. J. Biol. Chem. 264:

11136-11142.

Sheng, S., and S. M. Schuster. 1992. Simple modifications of a protein

immunoblotting protocol to reduce nonspecific background. Biol. Tech-

niques 13: 704-708.

Sullivan, G. V., J. N. Fryer, and S. F. Perry. 1995. Immunolocalization

of proton pumps (H
'

-ATPase) in pavement cells of rainbow trout gill.

J. Exp. Biol. 198: 2619-2624.

Vaananen, H. K., E.-K. Karhukorpi, K. Sunddquist, B. Wallmark, I.

Roininen, T. Hentunen, U. Tuukkanen, and P. Lakkakorpi. 1990.

Evidence for the presence of a proton pump of the vaculolar H
+

-

ATPase type in the ruffled border of osteoclasts. J. Cell Biol. Ill:

1305-1311.

Webb, R. S., and A. S. M. Saleuddin. 1977. Role of enzymes in the

mechanism of shell penetration by the muricid gastropod, Thais lapillus

(L.). Gin. J. Zool. 55: 1846-1857.

West, L. 1986. Intertidal variation in prey selection by the snail Nucella

(

= Thais) emarginata. Ecology 67: 798-809.

West, L. 1988. Prey selection by the tropical snail Thais melones: a study

of interindividual variation. Ecology 69: 1839-1854.

Wieczorek, H., D. Brown, S. Grinstein, J. Ehrenfeld, and W. R.

Harvey. 1999. Animal plasma membrane energization by proton-

motive V-ATPases. BioEsxays 21: 637-648.

Zhang, K., Z. Q. Wang, and S. Gluck. 1992. Identification and partial

purification of a cytosolic activator of H* -ATPases from mammalian

kidney. J. Biol. Chem. 267: 9701-9705.


